Better knowledge of the uremic solutes that accumulate when the kidneys fail could lead to improved renal replacement therapy. This study employed the largest widely available metabolomic platform to identify such solutes. Plasma and plasma ultrafiltrate from 6 maintenance hemodialysis (HD) patients and 6 normal controls were first compared using a platform combining gas and liquid chromatography with mass spectrometry. Further studies compared plasma from 6 HD patients who had undergone total colectomy and 9 with intact colons. We identified 120 solutes as uremic including 48 that had not been previously reported to accumulate in renal failure. Combination of the 48 newly identified solutes with those identified in previous reports yielded an extended list of more than 270 uremic solutes. Among the solutes identified as uremic in the current study, 9 were shown to be colonderived, including 6 not previously identified as such. Literature search revealed that many uremic phenyl and indole solutes, including most of those shown to be colon-derived, come from plant foods. Some of these compounds can be absorbed directly from plant foods and others are produced by colon microbial metabolism of plant polyphenols that escape digestion in the small intestine. A limitation of the metabolomic method was that it underestimated the elevation in concentration of uremic solutes which were measured using more quantitative assays.
Introduction
Numerous solutes accumulate in the plasma when the kidneys fail [1] . Such solutes were initially identified individually using the methods of classic organic chemistry. Recent technical developments have greatly accelerated the process of uremic solute identification [2] . "Metabolomic" methods combining mass spectrometry with chromatography have allowed investigators to simultaneously estimate the levels of large numbers of solutes in single plasma samples [3] [4] [5] [6] [7] [8] [9] . The current study applied the largest widely available metabolomic platform to identify previously unrecognized uremic solutes. A careful effort was made to combine our results with those of other studies and thereby provide an extended list of known uremic solutes. Because efforts to limit solute production could in the future be combined with renal replacement therapy to lower solute levels, we paid further attention to the source of solutes. Comparison of samples from hemodialysis patients with and without colons identified new solutes made by colon microbes. Discussion of colon-derived solutes has recently been focused on compounds produced by microbial metabolism of amino acids [10] . Our results suggest that a larger number of colon-derived solutes are produced by microbial metabolism of plant polyphenols which escape digestion in the small intestine. Knowledge of the plant sources and microbial metabolic pathways giving rise to these solutes could eventually guide efforts to suppress their production.
Materials and Methods
Pre-treatment plasma samples obtained by Sirich et al. [11] from six hemodialysis patients and six control subjects were subjected to metabolomic analysis. Characteristics of the subjects are summarized in S1 Table. Plasma ultrafiltrate obtained using Nanosep 30 separators was concentrated four-fold by drying and resuspension in water. Samples were shipped to Metabolon, Inc. for metabolomic profiling. The methods used by Metabolon for identification and estimation of the relative amounts of individual compounds in biologic samples have been described in detail [12, 13] . In brief, all samples are deproteinized with methanol and then aliquoted and dried so that in this study plasma and 4-fold concentrated plasma ultrafiltrate were prepared in the same manner. Individual aliquots are differently reconstituted for analysis by GC-MS and to LC-MS in both positive and negative modes. Samples are run with retention time markers to allow correction for variability in retention times over multiple runs. Mass spectrograms are then compared with those in a library which has been prepared by analyzing more than 2400 purified compounds using the same methods. A single "quant-ion" is selected from either the GC/MS, LC/MS positive, or LC/MS negative data which is considered to best represent each individual compound in the sample set as a whole. Software rates each compound's identification in individual samples based on retention time and comparison of the ion profiles with those recorded in the library. The peak area for the quant-ion is automatically recorded as representing the compound when the quality of identification is considered high and handchecked when the quality of identification is considered intermediate. No value is recorded for samples in which identification does not meet a threshold value. Because internal standards cannot be employed when so many compounds are assayed, peak areas provide only an estimate or relative concentration.
Metabolomic analysis using these methods identified a total of 459 solutes present in at least some samples from patients and/or normal subjects. To identify uremic solutes, analysis was restricted to a subset of 397 of these solutes detected in the plasma or plasma ultrafiltrate from at least five of the six hemodialysis patients. Solutes were then classified as uremic by two criteria. Solutes were first considered uremic if they were present in plasma or plasma ultrafiltrate from at least five of six patients but detected in none or only one of the normal controls. When solutes were detected in plasma or plasma ultrafiltrate from at least two controls, they were considered uremic if the average peak area in patients exceeded the average peak area in controls by at least 2.5 fold and if the value for q, the false discovery rate, was less than 0.05. Values for q were calculated using Q-VALUE (http://genomics.princeton.edu/storeylab/qvalue/) from p values calculated using Welch's test after log transformation of the mass spectrometric peak areas. A total of 126 solutes met one of the two criteria for classification as uremic. Six of these solutes were excluded because the results obtained in the plasma and plasma ultrafiltrate were discordant, leaving a total of 120 solutes classified as uremic as listed in S2 Table. Chemical names used are from the HMDB for solutes found in that database and in other cases are those used by Metabolon, Inc. except that 2-methoxyphenol sulfate replaces the HMDB name O-methylcatechol-O-sulfate.
Additional analysis was performed to identify uremic solutes derived from colon microbes. Plasma samples obtained by Aronov et al. [7] in nine hemodialysis patients who had intact colons and six hemodialysis patients who had total colectomies were re-analyzed on a newer Metabolon platform using a method incorporating an orbitrap mass spectrometer for LC-MS. Ultrafiltrate was not analyzed because of the limited plasma volume available. A total of 581 compounds were detected in the plasma of at least seven of the nine hemodialysis patients with intact colons. Solutes were classified as colon-derived if the concentration in patients with colons was greater than in those without colons with a false discovery rate q < 0.05 calculated as described above. Microbial strains with metabolic pathways containing precursors of colonderived uremic solutes were identified by querying the BioCyc, HMDB, and Human Microbiome Project databases [14] [15] [16] . As listed in S3 Table, 12 of the 120 solutes categorized as uremic in our initial analysis were not detected in the samples analyzed using the newer platform, and the question whether these solutes were colon-derived was thus not addressed.
Levels of selected solutes were also measured using more quantitative assays incorporating reagent standards in known concentrations. Urea nitrogen and creatinine in plasma were measured by the clinical laboratory and hippurate, phenylacetylglutamine, indoxyl sulfate, and p-cresol sulfate in plasma and plasma ultrafiltrate were measured by stable isotope dilution LC/MS/MS as previously described [11] .
All clinical studies were conducted according to the Declaration of Helsinki and approved by the IRB of Stanford University: written consent was obtained from subjects who provided samples.
Results
Metabolomic profiling identified 397 named solutes in pre-treatment plasma samples from at least five of six maintenance hemodialysis patients. A total of 120 of these solutes were identified as uremic by comparison of samples from patients and from normal controls, as listed in S2 Table. A literature search was conducted to determine if solutes found in the current study had been previously identified as uremic. A list was first compiled of solutes listed in reviews and in studies identifying multiple uremic solutes by mass spectrometry [1, 2, [4] [5] [6] [7] [8] [9] [17] [18] [19] . Solutes identified as uremic in the current study but not listed in these reports were then searched individually in PubMed and the EUTox database. These searches identified an additional 28 solutes previously reported as uremic. No previous reports were found for 48 of the 120 solutes identified as uremic in the present study, and these were therefore considered novel uremic solutes. A combined list of 278 uremic solutes, comprising 230 we found in previous reports and 48 newly identified in the present study, along with references, values for exact mass, and note of inclusion in the Human Metabolome Database (HMDB: http://www.hmdb.ca/) [15] is provided in S4 Table. This combined list of uremic solute includes some solutes which were detected in plasma in the current study but not categorized as uremic by the criteria we employed. These solutes are listed separately in S5 Table. Many of the 120 solutes identified as uremic in the current study belonged to groups with common characteristics. The largest single group comprised 30 modified amino acids and amino acid degradation products, as listed in Table 1 . Nine of these solutes were N-acetylated forms of proteinogenic amino acids, of which only two had previously been identified as uremic solutes. There were 13 other modified amino acids of which 8 were newly identified as uremic solutes. These included the N-acetylated forms of 1-and 3-methylhistidine and of the plant amino acid alliin and N2,N5-diacetylornithine. Also included in Table 1 are 8 compounds known to be produced by amino acid degradation in mammalian cells, of which 2 were newly identified as uremic solutes.
A second group comprised 24 phenyl and indole compounds not regularly produced by amino acid degradation in mammalian cells, as listed in Table 2 . Many of these compounds were conjugates, with 11 precursor compounds conjugated with sulfate, 5 with glycine, and 1 with glutamine. Sixteen compounds had been previously identified as uremic, while 8 were The HD/Nl concentration ratios in pretreatment samples from dialysis patients and normal controls were calculated only when measureable peak areas were obtained in at least two control samples. References to prior reports are included in S2 Table. * indicates a solute for which a reagent standard was not run but for which identity was considered well established by MS/MS. † indicates a solute detected in only 5 of 6 dialysis patients.
doi:10.1371/journal.pone.0135657.t001
considered to be novel. One of the novel solutes, homovanillic acid sulfate, was previously described as a uremic solute in the unconjugated form [4, 5] . A further group of uremic solutes included compounds potentially derived from pharmaceuticals, as listed in Table 3 . These compounds included pantothenic acid and riboflavin which the patients were receiving in a vitamin supplement and pyridoxic acid, a metabolite of pyridoxine contained in the supplement. Other compounds potentially derived from pharmaceuticals included the aspirin metabolite salicyluric acid and its glucuronide and the acetaminophen metabolite 2-hydroxyacetaminophen sulfate.
The remaining compounds identified as uremic are listed in Table 4 , including 38 compounds previously identified as uremic and 21 compounds considered novel. Small groups of compounds with related properties appear at the top of the list. There were 8 polyols, all but one of which had previously been identified as uremic solutes [20, 21] . There were also 4 methyl The HD/Nl concentration ratios were calculated only when measureable peak areas were obtained in at least two control samples. References to prior reports are included in S2 urates which can be derived from caffeine and other methylxanthines, 4 acyl carnitines, 4 modified nucleosides, and 3 vitamin E metabolites. Additional compounds are listed in order of increasing molecular mass.
To further identify the source of the uremic solutes, we re-analyzed plasma samples from a study comparing hemodialysis patients with and without colons [7] . Nine uremic solutes were shown to be colon-derived, as listed in Table 5 . Of note, these compounds were all among the phenyl and indole uremic compounds listed in Table 2 . Three of them-p-cresol sulfate, indoxyl sulfate, and phenylacetylglutamine-had previously been identified as colon-derived [22] . Query of the BioCyc database identified potential microbial sources for the colon-derived solutes, as further summarized in Table 5 .
For selected solutes, we were able to compare the concentration ratios obtained by metabolomic analysis with those obtained by quantitative assays of the same samples. This comparison revealed that metabolomic analysis tended to underestimate the degree to which solute concentrations were elevated in hemodialysis patients as compared to control subjects and did not reliably assess the extent of protein binding, as summarized in Table 6 .
Discussion
This study compared plasma from hemodialysis patients and control subjects using the largest metabolomic platform which is widely available. Among 397 named solutes identified in most of the patients, 120 could be classified as uremic. For 48 of these solutes prior reports of accumulation in renal failure were not found.
It should be emphasized that individual solute concentrations cannot be measured accurately when hundreds of solutes are examined at once. Isotopically labeled internal standards which would correct for differences in ionization efficiency are not employed, and comparison of mass spectrometric peak areas provides only an estimate of relative concentrations. The metabolomic method employed here underestimated the concentration in patients relative to controls for solutes which were also measured with quantitative assays. The failure of mass spectrometric peak areas to increase in proportion to solute concentration in the dialysis patients may reflect not only self suppression of ionization by the analyte in question but also The HD/Nl concentration ratios were calculated only when measureable peak areas were obtained in at least two control samples. References to prior reports are included in S2 suppression of ionization by other uremic solutes which have similar chromatographic retention time.
It should also be emphasized that criteria used to classify solutes as uremic are arbitrary. We applied this classification when the ratio of average peak areas in patients compared to normals was at least equal to the value of 2.5 obtained for urea in plasma ultrafiltrate, as shown in Table 6 . Use of a higher cutoff might have prevented inappropriate classification of some solutes as uremic by chance. Use of a lower cutoff, however, would likely have resulted in failure to identify solutes whose concentrations are truly elevated in renal failure, particularly given our finding that the current metabolomic method underestimated the elevation in concentration for those solutes also measured by quantitative assays. We should note that the most widely cited studies in this area have aimed at an inclusive listing of uremic solutes and therefore included all solutes whose reported concentrations in renal failure patients exceed those in normal subjects [1, 17] .
Among the solutes classified as uremic here, several groups with common properties could be distinguished. There were a large number of modified amino acids and amino acid degradation products. The largest single group, including 7 compounds not previously reported as The HD/Nl concentration ratios were calculated only when measureable peak areas were obtained in at least two control samples. References to prior reports are included in S2 uremic, comprised the N-acetyl forms of standard, proteinogenic amino acids as listed in Table 1 . These compounds are presumably released during proteolysis of the more than 80 percent of human body proteins that are N-acetylated during synthesis [23, 24] . Normally, Creatinine and urea nitrogen were not assayed quantitatively in plasma ultrafiltrate.
doi:10.1371/journal.pone.0135657.t006 glomerular filtration followed by reabsorption and hydrolysis in the proximal tubule cells allows recovery of the native amino acids [24, 25] . The same process may normally allow recovery of methionine from N-formyl-L-methionine which is an initiating residue in mitochondrial protein synthesis. Several other uremic solutes which are modified amino acids are derived from muscle. 3-methylhistidine and N-acetyl-3-methylhistidine are derived from breakdown of post-translationally modified muscle proteins and normally excreted in the urine [26] . Other modified amino acids are derived from the muscle dipeptide carnosine. N-acetyl-1-methylhistidine is presumably derived, like 1-methylhistidine, from dietary anserine which is formed from carnosine in many animals but not in humans [27] [28] [29] . Beta-alanine, in contrast, is formed from carnosine in humans as well as other animals. The sources of N2,N5-diacetylornithine and O-sulfo-L-tyrosine are less clear, but it seems likely that they are derived from breakdown of proteins containing modified amino acids. This is known to be the source of L-gamma-glutamyl-L-isoleucine which is newly identified here as uremic and of homocitrulline, prolylhydroxyproline, and C-mannosyltryptophan.
Another group of uremic solutes includes phenyl and indole compounds which are not produced by amino acid degradation in mammalian cells. The majority of these compounds are conjugates, including 11 sulfates, 5 glycine conjugates, and 1 glutamine conjugate. Recent studies have focused on the potential toxicity of phenyl and indole compounds derived from catabolism of amino acids, particularly indoxyl sulfate, indoxyl acetate, and p-cresol sulfate [10, 30] . A literature search suggested however that most of the compounds listed in Table 2 are derived not from the amino acids but from various substances found in plant foods, as summarized in S6 Table. Some solutes, such as vanillic acid and indole-3-methyl acetate, are themselves found in plants and can presumably be absorbed intact from plant foods [31, 32] . Other solutes may be derived from the action of colon microbes on plant precursor compounds, as further summarized in S6 Table. Homovanillic acid sulfate and vanillylmandelic acid, by contrast, are mammalian degradation products of dopamine and epinephrine/norepinephrine [33] .
The microbial origin of 9 phenyl and indole uremic solutes was confirmed by comparison of samples from patients with and without colons. Three of these solutes-p-cresol sulfate, indoxyl sulfate, and phenylacetylglutamine-are well known as microbially-derived uremic solute while the other 6 had not previously been identified as such [22] . With the exception of phenylacetic acid, the microbially-derived solutes are conjugates. We presume that microbes produce precursor compounds which are then conjugated in the liver or colon wall, as is the case with p-cresol sulfate and indoxyl sulfate. Examination of the BioCyc databases confirmed that there are numerous microbial strains with metabolic pathways containing the precursor compounds, as summarized in Table 5 . In all but 2 cases such strains have been associated with the gastrointestinal tract by the Human Microbiome Project [16] .
Identifying the sources of uremic solutes may prove ultimately to have clinical value, in that it may prove simpler to reduce solute levels by suppressing solute production than by enhancing solute removal. Efforts to limit production of solutes derived from amino acids by limiting protein intake were largely abandoned after Kt/V urea was adopted as an index of dialysis adequacy. The literature, however, provides very limited support for the current recommendation that dialysis patients maintain a higher than average protein intake [34] . And to the extent that solutes derived from amino acids are toxic, a high protein intake may have ill effects.
The current study emphasizes that production of uremic solutes may also depend on the intake of plant foods. This possibility that increasing plant food intake could increase uremic solute production was recognized when far fewer solutes had been identified [35] . It has since, however, been neglected. Our data suggest that plant phenols and polyphenols may be particularly important sources of uremic solutes. Plants contain thousands of these compounds with an extraordinary variety of structures [36] . Some of the simpler compounds can be absorbed directly. Most of the polyphenols, however, escape digestion in the small intestine and are metabolized by colon microbes [37, 38] . Several grams per day of dietary polyphenols are thereby transformed into new substances foreign to mammalian metabolism which are normally excreted by the kidney, often after conjugation in the liver. Consideration of the health effects of plant phenols has so far focused largely on their potential benefit with particular attention to their potential antioxidant and anticarcinogenic activity. [37, 38] [39] Accumulation of metabolites which are normally excreted by the kidney could turn these putative benefits to harm in patients with renal failure. If this proves to be the case, the production of injurious solutes could be reduced by avoiding certain foods, as the content of polyphenols varies widely among plants. The production of microbially-derived solutes could presumably also be reduced by altering the composition of the colon microbiome or by the use of binding agents. [22, 40, 41] Another group of solutes whose production could be controlled are those derived, at least in part, from pharmaceuticals as listed in Table 3 . There are no natural sources of saccharin and acetaminophen, so accumulation of saccharin and 2-hydroxyacetaminophen sulfate in renal failure is presumably due exclusively to intake of the synthetic compounds. Salicyluric acid and salicyluric glucuronide may in contrast be derived from salicylate in plant foods, but this constitutes a small portion of total salicylate production in patients taking aspirin [42] . All the patients were prescribed a supplement containing vitamins B6 (pyridoxal-5-phosphate, as pyridoxine), B5 (pantothenic acid), and B2 (riboflavin). Supplementation of vitamins B5 and B2 is based on theoretical concern for dialytic loss and not on demonstration of deficiency in dialysis patients [43, 44] . Both compounds are widely available in foods and levels in our patients were above those in controls. Supplementation of vitamin B6 is based on the finding of reduced levels in some studies of unsupplemented patients [43, 44] . Supplementation, however, presumably contributes to the prominent accumulation of the B6 metabolite 4-pyridoxic acid, providing an example of the unintended consequences of drug administration in dialysis patients [45] .
Limited knowledge of solute toxicity poses the major barrier to the development of new treatments to reduce solute production or increase solute removal [1, 2] . Metabolomic methods are already being employed to search for solutes associated with outcomes, and such efforts will undoubtedly continue [46] . The present study illustrates not only the capacity of metabolomic profiling to identify solutes but also important limitations of this approach. The major limitation, as noted above, is that accurate quantitation cannot be achieved when large numbers of compounds are examined simultaneously and internal standards for each compound are not included in the analysis. Quantitative accuracy may be particularly limited when different sample matrices, such as plasma and plasma ultrafiltrate, are compared. We analyzed both plasma and plasma ultrafiltrate because we hoped to characterize the extent of protein binding for each solute, which has a large effect on a solute's clearance by dialysis treatment [47, 48] . Potential errors in the estimation of concentrations from metabolomic peak areas, as revealed by the apparent protein binding of urea and phenylacetylglutamine in Table 6 , dissuaded us from reporting the binding of solutes not measured using quantitative assays.
A second limitation is that we have not shown that solute accumulation is due to reduced renal clearance. Previous studies have shown that some solutes accumulate in patients with renal failure because of reduced hepatic clearance, presumably because solutes normally cleared by the kidney interfere with hepatic uptake and disposal mechanisms [49] . Also, as has been the case with the great majority of solutes previously categorized as uremic, production rates were not measured. We thus cannot exclude that solute accumulation reflects increased solute production in uremic patients. In the case of solutes made from plant phenols, we doubt that intake of precursor plant foods was high in the dialysis patients, but the production of individual solutes could have been increased due to alterations in the colon microbiome. Because we studied a limited number of subjects, some differences classified as uremic could have arisen from differences in diet, age, and other factors unrelated to renal dysfunction.
A further limitation of metabolomic studies is that no single method can profile all the solutes that accumulate in uremia. Analysis by several platforms was necessary to compile the current list of more than 4000 solutes found in human plasma [50] . And the platform used in this study, while the largest that is widely available, does not include many of the known uremic solutes listed in S4 Table. In some cases the method employed may not provide chromatographic separation. In other cases, standards have not been run on the platform. It should be noted that the plasma metabolome in uremia may be particularly difficult to profile because many uremic solutes remain to be chemically identified. Studies using untargeted high-resolution mass spectrometry have revealed the presence of numerous uremic solutes characterized only by molecular mass for which there are no corresponding entries in the current list of human metabolites [3, 6, 19] . Finally, it is important to emphasize that the designation "uremic," implies only that a compound accumulates when the kidneys fail, and not that it has been shown to cause illness. Referring to such compounds as uremic solutes rather than uremic toxins may serve as a reminder of this distinction. A great deal of additional work is thus required to identify uremic solutes as well as to assess their contributions to clinical outcomes.
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